The reasons, prevention, and control of loess disaster are of great concern in practice. In recent years, Xi'an city, China, has taken the leadership in large-scale construction of subway lines in the loess strata. To study the structural response of the tunnel in loess region under local hydrodynamic environment, an experimental testing in 1g as well as a numerical simulation were performed, in which the achieved results were verified and were found to be in good agreement. Furthermore, the results showed that when the water outlet point is above the lining, the overall stress of the lining is "peanut shell," as the water pressure of the outlet point decreases, the tensile stress of the top and bottom of the lining increases, while the compressive stress on both sides decreases; the channel form of the flow to the lining changes with the variation of the position of the water outlet point. It is worth mentioning that in the process of water gushing, the closer to the water source, the greater surface subsidence is, and there is a positive correlation between water pressure and surface subsidence. This study is of significant benchmark for the construction, maintenance, and prevention of tunnel in loess strata under the influence of water environment.
Introduction
In the 1840s, Lyell studied sediment deposits along the Mississippi River in the middle of the United States and initially proposed the academic term "Loess" [1] . Compared with other soil, the loess has special structural and water sensitivity: (1) the joint fissure is developed, the mesoscopic structure is porous, and the difference of dry and wet strength is remarkable; (2) most of them have strong collapsibility, softening, and deforming in water [2] [3] [4] [5] [6] . Therefore, the change of water environment is very easy to induce engineering geological hazard, and the effect of humankind engineering activity can easily increase the disaster of loess [7] [8] [9] [10] [11] [12] [13] . In the past 10 years, Xi'an city, as a main developing city in Western China, has taken the leadership in large-scale construction of subway in the loess strata [14, 15] . On the one hand, according to the situation of Xi'an subway planning, most of the upper layers of subway construction are new loess which have physical features such as high void ratio, incomplete consolidation, and low strength [16] [17] [18] [19] [20] [21] [22] . On the other hand, there are lots of ground fissures in Xi'an, so the disturbance of tunnel construction will inevitably lead to large strata deformation [23] [24] [25] [26] [27] . During the deformation process, the leakage of urban pipelines will easily lead to large-scale collapsibility of loess strata.
In recent years, on the one hand, scholars in related fields took soak infiltration as the main condition of the experiment and analyzed the mechanism of the catastrophe of subway tunnel project in the groundwater depression cone area and the effect of leakage range of pipeline on the deformation and failure of tunnel surrounding rock [28] [29] [30] [31] [32] . According to the influence of water leakage at different parts of the tunnel on the surrounding soil and the parallel tunnel, the critical gap width of disaster caused by soil loss was proposed [33] [34] [35] [36] [37] [38] . On the other hand, in view of the engineering properties of different rocks and soil under the influence of water, different analytical methods have been used to carry out research: in the clay stratum, the researchers used the homogeneous permeation theory to analyze the effect of long-term seepage of subway tunnel in soft soil area on tunnel and surface subsidence [39] [40] [41] [42] [43] ; in karst tunnel, researchers carried out model experiments to reveal the catastrophic characteristics of water inrush in the filling karst pipeline and summarized the general characters of the water inrush structure of the rock tunnels [44] [45] [46] [47] [48] ; in the loess stratum, the researchers through on-site monitoring, radar detection, numerical analysis, and other methods analyzed the damage to the segment structure of the subway water gushing and got the deformation characteristics of the segment structure in the process of water gushing and the distribution laws of the crack and the dislocation of the pipe [49] [50] [51] [52] [53] [54] [55] .
The mentioned research is mostly concerned with the clay and sandy stratum, and the main condition of the experiment is soak infiltration. Research on water gushing mechanism of subway tunnel in collapsible loess strata involves less, such as the temporal and spatial law of structural damage of the subway tunnel under local dynamic water and mechanical formation mechanism of the water gushing channel in the loess stratum. To study the structural response and damage evolution of tunnel in loess region under local hydrodynamic environment, the water gushing disaster of a section tunnel on Xi'an Metro Line 4 is taken into account as a case study, using experimental testing in 1g and numerical simulation to verify each other, the key analyzed the variation law of pore water pressure, vertical stress of surrounding rock, the strain of lining, and surface settlement, providing a theoretical reference for the construction, maintenance, and prevention of tunnel in loess strata under the influence of water environment.
Experiment
2.1. General Situation of Engineering. The preliminary investigation of Xi'an Metro Line 4 showed that there was a large-area collapse loess with large thickness at the southern section of the line, which the maximum thickness of collapse loess layer was within 25 m; the maximum collapsibility was around 1000 mm, and the length of the affected subway line was about 6 km. Simultaneously, the gushing water section of Xi'an Metro Line 4 was located in a busy urban area, and the underground pipeline was dense as well.
The water gushing occurred in a section of Xi'an Metro Line 4. The tunnel is located in the collapsible loess stratum, and scene investigation shows that the water rich in the tunnel site is weak. It is concluded that the groundwater is not developed, and the water content in the stratum is low. The site of water gushing disaster was initially discovered when the top of ring beam of segment appeared with a sudden water leakage in which the content continued to increase and accompanied by a large number of sediment emission. The assessment demonstrated that the water mainly derived from the water pipe (see Figure 1) . Furthermore, the ground appeared subsidence, and the subsidence area was with the length, width, and depth of 20, 12, and 6.5 m, respectively.
Similar
Materials. An experiment was carried out on the basis of water gushing from a tunnel in Xi'an Metro Line 4. Based on the actual engineering geological condition, it is assumed that the tunnel is completely located in the collapsible loess stratum in the model test, and the model test does 2 Geofluids not take into account the influence of groundwater. The experimental testing has used dimensional analysis which is based on Buckingham's π theorem [56] . The theorem appropriately describes a relationship between physical variables and fundamental dimensions. It is pointed out that any physical equations can be transformed into equations of dimensionless quantities [57] . The model is a double-field coupled model under the combined action of stress field and seepage field [58] [59] [60] [61] . The physical quantities to be considered in a stress field include geometrical dimension (l), bulk density (γ), stress (σ), strain (ε), Poisson's ratio (μ), and elastic modulus (E); the physical quantities to be considered in a seepage field include permeability coefficient (k), seepage velocity (v), seepage discharge (Q), and pore water pressure (u). All physical variables can be represented by fundamental dimensions which include time (T), quality (M), and length (L). The similarity ratios of various physical quantities are calculated, as shown in Table 1 . The actual parameters of loess are converted into theoretical similar parameters of the model according to similarity ratio, which is summarized in Table 2 . According to the relevant literature and experimental results [27, [62] [63] [64] [65] [66] [67] , loess on the spot is used in this model test, and some barite powder, river sand, and industrial salt are added as surrounding rock materials. Barite powder can improve the cohesiveness of soil; river sand can improve the permeability of soil, and industrial salt can improve the collapsibility of soil. In the model test, bulk density is selected as the major controlling index. The elastic modulus of samples with different proportioning is measured by a universal press, and their internal friction angle and cohesive force are measured by direct shear tests. The test process and results of collapsibility of loess are shown in Figure 2 . The proportioning basically meets the requirements of the model experiment. The proportioning of similar materials in the test is summed up in Table 3 .
Model Equipment.
The model test apparatus consists of three parts: test-bed, water injection control system, and measurement system. The test-bed is made of a tempered glass, and the sides are fixed with wooden boards. Its dimension is 1.5 m in length, 0.6 m in breadth, and 1.5 m in depth. Water injection control system includes a water storage system, water inlet pip, and pipe head. The pipe head was buried in the soil and connected with the inlet pipe. The other end of the inlet pipe was connected with a reservoir in which a water pump was placed there as well. The type of the water pump is YLJ-750; the pump head is 0 to 2 m, and the diameter of the water pipe is 16 mm, which accords with China's Structural design code for pipelines of water supply and waste water engineering (GB50332-2002). Sketch map of model test apparatus is shown in Figure 3 . During the experiment, the measured physical quantities include pore water pressure, vertical stress of surrounding rock, and the strain of lining and surface settlement. Measurement of the lining strain used BE120-5AA type resistance strain gauge, and the data acquisition system employed JM3813 type static strain gauge. Measurement of the pore water pressure utilized YBstrain gauge. Measurement of the surface settlement used displacement meter. Measurement of the vertical stress of the surrounding rock employed pressure cell as well. The measuring device is shown in Figure 4 .
Experiment Design and Procedures.
In the experiment, four measurement sections are set up, including three longitudinal sections (denoted by A, B, and C) and one cross section (D). The measuring points of vertical stress of surrounding rock are arranged on the A, B, and C section. The measuring points of pore water pressure are arranged on the B and D sections. Since the experiment does not involve lining excavation, the strain measuring points are arranged along the circumferential direction of the lining. The measuring points of strain of lining are arranged on the A and B sections. The layout of each section and measuring point is shown in Figure 5 . The measurement of surface settlement is arranged with 3 measuring lines, in which each measuring line has 4 measuring points (see Figure 6 ). The experiment procedure is shown in Figure 7 .
Results and Analysis.
In order to better analyze the real characteristics of water gushing, all the experimental data are converted to prototype by similarity ratio. From starting water injection to water gushing in the lining, experiment lasted for 4800 s. Experimental results showed that the tunnel 3 Geofluids face appears to have water gushing, and a subsidence area with several cracks formed on the surface (see Figure 8 ). According to the data obtained during the experiment, the variation law of pore water pressure, vertical stress of surrounding rock, and the strain of lining and surface settlement were analyzed.
2.5.1. Pore Water Pressure. The time-history curve of pore water pressure of three measured points on the D section, as shown in Figure 9 , demonstrated that the curves of the three measuring points are similar, and their numerical values are pretty close. From 100 to 2400 s, the pore water pressure of three points was gradually increasing, and the growth rate was faster. It illustrated that the water inflow channel in this direction was gradually formed and continued to expand. When the pore water pressure reached the peak, the water flowed along the channel to the circumference, and the pore water pressure of three points gradually decreased and tended to 0.
The time-history curve of pore water pressure of three measured points on the B section (see Figure 10) showed that the trends of the curves are approximately similar; however, the values of pore water pressure are different. S1 was located below the water gushing point, and from 100 to 3200, the pore water pressure of S1 gradually increased, and the growth rate was faster, while after 3600 s, the pore water pressure gradually tended to be stable. S2 was located at the 45 degrees' direction of the lining, and from 2400 to 3300 s, the pore water pressure of S2 gradually increased; however, after 3600 s, the pore water pressure gradually tended to be stable. The variation of the pore water pressure between S3 and S2 is similar; however, the pore water pressure of S3 is smaller than that of S2.
In conclusion, in the process of formation of water inflow channel, the main channel of water gushing is a channel beginning from the water gushing point to S1, while there is no large water inflow channel between S2 and S3. Three measuring points S4, S5, and S6 were located in the horizontal direction of the water gushing point, in which along these directions, the water gushing channel rapidly formed. However, with the formation of the main channel of water gushing, the water flow gradually decreased through these channels. The experimental results illustrated that the tunnel began to appear to have water gushing from the position of the arch crown of the tunnel face (see Figure 8 (a)). It shows that the water will flow from the water source to the nearest surrounding of tunnel face, causing tunnel water gushing disaster. Figure 11 represents the time-history curve of vertical stress of the surrounding rock of four measured points on the B section which was below the water gushing point. As depicted in Figure 11 , the vertical stress variations of the three measuring points of Y4, Y5, and Y7 are similar. First, it was gradually increased, reached its peak value, and then gradually decreased after the period of stabilization. It reflected that the water inflow channel was smaller at the first and the stress of the surrounding rock gradually increased; however, with the continuous increasing of the water inflow, more water 4 Geofluids passages were formed, and the stress gradually decreased. The three differences are that the peak value of the stress of Y4 was the maximum; it rapidly decreased after the peak value, while the stress variation of Y7 gradually decreased after reaching the peak value and ran through the whole test process; the stress at the Y5 had a steady phase after the peak and then decreased gradually. It was indicated that the main channel of water gushing was the channel starting from the direction of Y4 to Y7, and it did not reach the tunnel bottom; the direction of Y4 to Y5 was the secondary channel. Figure 12 shows the time-history curve of vertical stress of surrounding rock of three measured points on the A section, and Figure 13 displays the time-history curve of vertical stress of the surrounding rock of three measured points on the C section. It can be seen that the variation of the surrounding rock of three measuring points on the A and C sections are similar to the variation of Y4, Y5, and Y6 on the B section; however, their stress values are smaller. It was indicated that the direction of Y1 to Y3 and the direction of Y8 to Y10 were the secondary channels of water gushing, while they did not reach at the bottom of the tunnel; the direction of Y1 to Y2 and the direction of Y8 to Y9 were permeable channels, which had trivial impact on the surrounding rock.
Vertical Stress of the Surrounding Rock.
According to the formation of the mentioned water gushing channels, it can be concluded that in the experimental model, the range of water gushing was within 20 cm around the water gushing point and 50 cm below the water gushing point. In addition, it can be concluded that the stress 5 Geofluids distribution of the surrounding rock gradually decreased from the arch crown to the two sides when the water gushing point is located above the lining. The reason may be attributed to the mechanical properties of the soil above the arch crown, which were changed due to the combination of soil and water. When the loess encountered with water, its collapsibility gradually revealed, its fluidity enhanced, and the stress of the surrounding rock above the tunnel gradually increased. With the increasing of water content, the water flow caused the soil to move to the four sides, which aggravated the soil erosion and led to gradually increase the stress of the surrounding rock on both sides of the lining. When the water gushing channels gradually formed and the water flow was dispersed and formed more channels, the vertical stress of the surrounding rock gradually decreased. Moreover, based on the results of the experiment, it can be seen that the surrounding rock above the tunnel collapsed, so it can be inferred that the arching effect of the surrounding rock above the lining vault is lost due to soil erosion, resulting in surface subsidence. Figure 14 depicts the timehistory curve of the strain of the lining for eight measured points on the A section, and Figure 15 is the time-history curve of the strain of lining for eight measured points on the C section. As shown in Figure 14 , the strain of the lining of the eight points on the A section slightly varied before 4000 s, in which after 4000 s, it notably changed. Among them, the stresses of A1, A2, A5, and A6 were positive (tensile stresses), and from 4000 to 4300 s, they gradually increased, in which the growth rate was faster, and they gradually stabilized after 4300 s. Additionally, the stresses of A3, A4, A7, and A8 were negative (compressive stresses), and from 4000 to 4300 s, they gradually increased, in which the growth rate was faster and gradually stabilized after 4300 s. It can be seen from Figure 15 that the strain variation of the measurement points on the B section was basically the same as that of the A section.
The Strain of the Lining.
It has been indicated that the lining in the longitudinal direction made tensile deformation, and both sides of the lining made inward contraction; the overall stress of the lining is "peanut shell" shape. When gushing water formed a main water channel with vertical direction and an auxiliary water channel with horizontal direction, the soil above the tunnel was squeezed to the sides of the lining, resulting in the deformation of the lining. Since the lining had a certain distance from the water source, the stress of the lining gradually increased, which occurred in the second half of the experiment. This is consistent with the conclusions drawn from the vertical stress of the surrounding rock. 7 Geofluids settlement values of lines 1 and 3 were smaller, while the settlement value of line 2 was larger, indicating that the main water gushing channel was along the direction of line 2, and there were no main water gushing channels in the soil layers of lines 1 and 3. This is because the measuring line 2 was located above the tunnel, in which during the process of water gushing, the tunnel would not significantly deform due to the action of water flow. However, the surrounding soil would settle; thus, the farther distance from the tunnel lining, the greater settlement of the soil layer.
Modeling Analysis
The main objective of this study is investigating the characteristic of gushing water near the tunnel face, which the influence of tunnel excavation is not considered. In the modeling process, in order to highlight the main objective, the problem is simplified as a plane strain problem. Therefore, a twodimensional tunnel water-inflow model was developed using the ABAQUS [68] finite element software to simulate the flow state of water flow in a saturated loess layer.
Modeling Introduction.
Module of coupling of seepage and stress in the ABAQUS was used for analysis. In the modeling process, the porous loess layer was regarded as multiphase materials, and the unit type was four-node plane strain element (CPE4). The lining was regarded as an elastic element, and the stiffness of element was calculated according to the elastic modulus and Poisson's ratio of the steel and concrete. Model of seepage and stress coupling, which is based on large deformation of clay, was developed by using the updated Lagrangian method. The soil model followed the Mohr-Coulomb failure criterion [69] , and the pore water pressure obeyed Darcy's law in order to appropriately 0  10  20  30  40  50  60  70  80  90  100  110  120  130  140  150 Pore water pressure (kPa) Figure 9 : Pore water pressure-time curves of S4, S5, and S6. Geofluids simulate the seepage of saturated loess. In the modeling, the lower boundary of the model restricted displacement in the X and Y directions, in which two sides of the model restricted displacement in the X direction. Applying the corresponding node pore pressure function to the node of the pipe to simulate the water out state of the pipeline, the boundary pore pressure under the stratum was set to 0, and using the pressure head and gravity action, the water seepage in the soil layer was realized. In the computation, the analysis of the stability of crustal stress was initially performed, and then, the transient analysis of fluid-structure interaction was conducted. In the process of transient analysis, the pipe outlet time was set to 3600 s. The model consists of 6 operating conditions, as listed in Table 4 . The Saint Venant principle showed that the model size is generally 3~5 times of the hole diameter, in which due to the limitations of the test box, the boundary of the test model was not fully selected according to the actual size. However, in numerical modeling, in order to more accurately simulate the actual situation, the size of the model was taken into account as length of 50 m, width of 50 m, the lining diameter was 6 m, and thickness and burial depth of tunnel were 30 cm and 15 m, respectively, as shown in Figure 17 . The physical and mechanical properties of the lining are listed in Table 5 as well.
Analysis of Calculation Results

Comparison and Analysis of Working Condition 1 and
Model Experiment. The simulation process of operating condition 1 is similar to the experimental model. The measurement points in the same positions of the B section, as shown in Figure 5 , are selected in the finite element modeling, and the variation of the relevant results with the time was analyzed in order to verify the correctness of the law obtaining based on experimental model. B8 0 600 60 6 600 600 6 600 6 600 600 600 600 60 60 600 600 600 600 6 600 6 600 0 0 00 600 600 6 60 00 00 600 0 60 600 6 600 600 600 60 600 600 600 60 0 00 0 0 6 600 600 6 600 6 60 00 00 0 0 600 6 600 600 0 0 600 6 60 0 0 00 600 00 0 00 0 0 600 60 00 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
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(1) Pore Water Pressure. The law of pore water pressure regarding the variation of three points computed by finite element analysis is depicted in Figure 18 . The analysis results showed that the pore water pressure of the three points gradually increased with the passing of time and gradually decreased at within 1500s. This law is partially consistent with the law derived from the experimental model, and the reason for the difference is that the process simulated by the finite element method was longer than the experimental model. When the flow time was longer, more loess would contact with the water flow, which would lead to the reduction of water flow in the same location, and the pore water pressure around the lining was gradually decreased. Figure 19 displays the path of water flow in different time periods for condition 1, and the blue region indicates the affected area of the water flow. It can be seen that when the direction of effluent was not limited, under the dual actions of water pressure and gravity, the water would mainly flow in the direction of gravity and then formed the flow channel. The position of 1 to 2 m, based on the ground surface, was the highest position of the flow upward, indicating that the soil layer at this height would be affected by water gushing. In addition, the soil layer within the double diameter ranges of the left and right sides of the tunnel was affected by water gushing. A well agreement between the results of finite element analysis and experimental was observed as well.
(2) Vertical Stress of the Surrounding Rock. In ABAQUS, the tensile stress is defined as positive, and the compressive stress is negative. As shown in Figure 20 , the vertical stress of the four points gradually increased with time and then gradually decreased after reaching its peak. This is basically the same in the experimental model, and the difference is described by the curve of Y6. In the experimental model, the vertical stress value of Y6 was very small, and the amplitude of the variation was not very much, while in the finite element analysis, the vertical stress of Y6 was great. This may be attributed to a fact that in the experimental model, the water flow had not been affected by the soil layer at the top of Y6. However, in the finite element analysis, the water pressure was closer to the actual situation, and the water flow formed a passage around the lining as well.
(3) The Stress of the Lining. The cloud picture of the maximum principal stress of the lining is shown in Figure 21 . It can be seen that the two sides of the lining were compressed and the top and the bottom were drawn. This is in agreement with analyzing the experimental model. Figure 22 shows the time-history curve of the stress for lining. As illustrated in Figure 21 , B1 at the vault and B5 at the bottom, the stress variation was initially increased and then decreased; the stress of B3 was gradually increased, while the stresses of B2 and B4 were slightly changed. It can be concluded that when the tunnel produced water gushing, the top and both sides of the lining are the main force zones, requiring to be considered in the process of monitoring. 10 Geofluids while point 5 was the farthest from the center line (see Figure 23 ). Figure 23 displays the surface subsidence curve of the five measuring points. It can be seen that the closer to the water gushing point, the greater the settlement of the soil layer, which is in agreement with the results of the experimental model. In summary, the experimental findings were verified by numerical simulation. Combined with other operating conditions, the flow state of water in different water pressures, along with different water gushing points, and various types of tunnel lining in saturated loess stratum should be further analyzed in order to study the pore water pressure field of the surrounding rock, the force condition of the lining, and the distribution law of the displacement of the stratum.
Distribution of Pore Water Pressure Field in the
Surrounding Rock. Figure 24 shows the path of the water flow for four different conditions under the same time and water pressure. As illustrated in Figures 24(a)-24(c) , there is a significant variation in the flow path of the water when the water outlet position is different. When the outlet position was above the lining, under the dual actions of water pressure and gravity, a vertical main flow channel was formed, while the top and both sides of the lining were the main areas of water flow; when the outlet point was located in the 45 degrees' direction of the lining, a 45-degree flow channel was formed, which the main areas of water flow were the top of the lining and a side near the water outlet point, and there was no apparent water channel within 5 m below the surface. When the outlet point was in the horizontal Geofluids direction of the lining, the water would still flow to the surrounding of the lining due to the action of water pressure, and the arch bottom and the side near the water outlet point were the main areas of water flow. As shown in Figure 24 (a), the flow channels are roughly the same, while there is a difference in the areas of water flow. When the type was composite lining, the flow of water was more uniform around the lining, and when the type was segment lining, the flow of water was less in the part of the arch bottom.
Distribution of Stress
Field of the Lining. Figure 25 illustrates the cloud picture of the maximum principal stress of the lining for four different conditions in various water pressures and different forms of lining. As displayed in Figures 25(a)-25(c) , with decreasing the water pressure of the outlet point, the tensile stress of the top and bottom of the lining was increased, while the compressive stress on both sides decreased, indicating that during the same time, the greater the water pressure was, the more complete water flow channel was formed; consequently, more surrounding rocks were moved to both sides of the lining, resulting in the increase of compressive stress on both sides of the lining. As shown in Figures 25(a) and 25(d), the composite lining was fully pressed, which was different from the force of segment lining, indicating that when the soil layer produces gushing water, the whole composite lining is mainly compressed, in which the stress on both sides of the arch foot and shoulder part is the largest.
Distribution of Displacement Field of the Surrounding
Rock. Under the same time and outlet location, the effect of different water pressures on the settlement of the stratum is basically the same, and the only difference is related to the settlement value. Figure 26 shows surface subsidence under different water pressures. As depicted in Figure 26 , when the water pressure is 0.25 MPa, the maximum settlement is 0.48 m; when the water pressure is 0.20 MPa, the maximum settlement is 0.44 m; when the water pressure is 0.15 MPa, the maximum settlement is 0.41 m. It is concluded that the water pressure directly affects the surface subsidence, the larger the water pressure, the greater surface settlement is obtained.
Conclusions
Based on the water gushing disaster of a section tunnel on Xi'an Metro Line 4, the structural response and damage evolution of the tunnel in loess region under local hydrodynamic environment are systematically studied by model test and numerical simulation. The main conclusions:
(1) The experimental model and the numerical simulation in the condition 1 verified each other. When the water outlet point is above the lining, the stress distribution of the surrounding rock is gradually reduced from the arch crown to both sides, and the overall stress of the lining is "peanut shell"; the gushing water forms a main water channel with vertical direction and an auxiliary water channel with horizontal direction. In the process of water gushing, the closer to the water source, the greater pore water pressure is; the closer to the water source, the greater surface subsidence is, while in the direction of the tunnel axis, the settlement of the stratum which has the lining is smaller than that of the stratum without lining (2) When the position of the water outlet changes, the channel form of the flow to the lining is also varied; when the outlet point is located in the 45 degrees' direction of the lining, a 45-degree flow channel is formed. In addition, when the outlet point is in the horizontal direction of the lining, the main channel of the water flow does not pass through the lining; however, there will be a small amount of water flowing into the lining near the water outlet point. Under the same water outlet position, the flow of water 13 Geofluids around composite lining is more uniform, while there is less flow at the bottom of segment lining (3) As the water pressure of the outlet point decreases, the tensile stress of the top and bottom of the lining increases, while the compressive stress on both sides decreases; segment lining is subjected to pressure on both sides and the vault and arch bottom are pulled, while composite lining is mainly subjected to compression, and the compressive stress at both ends of the arch foot is the largest (4) The water pressure directly affects the surface subsidence; the larger the water pressure, the greater surface settlement is; however, the settlement range is mainly affected by time, that is, the longer the time of water gushing, the greater scope of the surface subsidence is obtained
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